INTRODUCTION
Originally, the technology of Np separation was developed to recover 237Np as a target material for production of 238Pu. Special campaigns of recovering Np were run at some laboratories, where the normal Purex scheme was modified to recover Np and some subprocesses were added for decontamination of impurities(1) (2) .
Neptunium is contained up to approximately 0.05% by weight in the current spent fuel from LWRs and presents in the feed solution for the first cycle of reprocessing process as a mixture of Np( V) and Np(VI). Recently, the Np content in spent fuel increases because fuel burn-up is getting higher. This tendency has made Np concentration control one of important technologies in nuclear fuel reprocessing. The principal objective of Np separation in the nuclear fuel reprocessing has changed to controlling quality of main products, namely to keep Np contents in recovered U and Pu in given ranges.
In addition, Np separation in reprocessing leads to reduce the long-term potential hazard of high-level radioactive waste. There may be some interests in recovering Np as well as other transuranium and rare metals for use as new valuable materials.
Neptunium(VI) has sufficiently high distribution coefficient to be extractable by 30% tri-n-butyl phosphate (TBP) in the Purex process. On the contrary, the distribution coefficient of Np(V) V ) is the order of 0.001, so that Np( V) is essentially inextractable.
On the other hand, in the U/Pu partitioning cycle, Np(IV) may exist as well as Np(V) because of the addition of reducing chemicals for Pu(IV). The value of distribution coefficient of Np(IV) for 30% TBP is between those of Np(V) and Np(VI). Since nitrous acid, which is thermochemically/radiochemically produced from nitric acid, is reactive to each kind of Np ions, the fraction of Np extracted by solvent with U and Pu varies readily with nitrous acid concentration, if no adjustment of Np valence is attempted before the liquidliquid extraction.
Therefore Np becomes one of the major contaminating elements for U and Pu products.
Laser photochemical processes are useful to control Np redox reactions because photochemical techniques have potentials for shifting redox equilibrium and accelerating the reaction rates. A further advantage of photochemical methods is to reduce the amount of waste generated from the process because photon energy is used instead of large quantities of reagents(3)~(6). In addition, a laser device as a photon source can be placed away from the chemical reactor and is easy to control remotely.
It was shown already in Refs. (7)~(1O) that the photochemically induced reactions among three valence states, Np(IV), (V) and (VI) were shown to occur when they were exposed to ultraviolet (UV) light.
They used standard mercury discharge lamps to induce such redox reactions in the Np solution of more than 10-4 mol,dm-3 concentration.
Some excimer lasers, Ar-F (193 nm), Kr-F (249 nm), Xe-Cl (308 nm) and so on, are also expected to induce such reactions.
What is most practically important as to photochemical Np control is valance state adjustability and extractability at low concentration range less than 10-4 mol,dm-3, which is the concentration observed in the normal Purex process (11) .
Our investigation reported here is to demonstrate the adjustability of Np valence at low Np concentrations by using a Kr-F excimer laser system.
II.EXPERIMENTS

Preparation
of Np(IV) and Np(VI) All experiments were performed using mol,dm-3 nitric acid solutions containing 0.5~1.0 X 10-4 mol,dm-3
Np. The concentration of Np in aqueous stock solution was 2x 10-3 mol,dm-3 in 3 mol,dm-3 nitric acid and lower concentration solutions were prepared by dilution of this stock solution.
Since the oxidation state of Np is unstable in the lower concentration region, the Np valence state must be adjusted by a proper method before laser irradiation experiments. Neptunium ions can be oxidized or reduced by electrolysis, which was used in the past studies(7)~(10), but the initial solution prepared by the electrolysis allows immediate dark reactions because the thermochemical condition is far from equilibrium. This non-equilibrium condition is not always realized in the Purex stream.
The other way for preparation of the initial solution is the addition of a redox reagent to Np solution.
In this case, the solution of Np attains equilibrium before laser irradiation.
We prepared Np(VI) and Np(IV) solutions by using chemical reagents in order to get more practical data for the application of photochemistry to Np separation in nitric acid media.
Neptunium(VI) was prepared by the addition of KMnO4. The molar concentration of added oxidation reagent was 2~10 times those quantities of Np. Neptunium(IV) was prepared by reduction of Np(V) and Np(VI) with ferrous sulfamate.
This compound was selected because it stabilized ferrous ion against oxidation in a nitric-nitrous acid system and had more rapid reduction rate than both tetravalent U and hydroxylamine.
The solutions thus prepared were stable against dark reactions for several days.
2. Measurement of Np Valence Neptunium(IV), (V) and (VI) can be simultaneously found in such dilute nitric acid solutions as used in this study. The solution must be analyzed to determine the proportion of each Np valence at various laser exposure conditions. Since slight changes in the chemical condition may have significant effects on the reaction rates and on the condition of equilibrium, the analysis must be done so quickly that does not affect the oxidation state of Np.
Although spectrophotometric techniques meet these requirements, a normal spectrophotometer is not always sensitive enough to make the analysis on solutions with a Np content of 10-4mol,dm-3 and below(12) (13) . A separation method based on fast extraction chromatography has shown so good performance that Np ions of different oxidation states are quantitatively separated through chromatographic TBP extraction column by elution with 0.1-3 mol,dm-3 nitric acid at room temperature(14)(15). After Np ions with different valences are fractionated, amount of each fraction is measured by counting the alpha activity of 237Np. This method will be used in the experiments to determine the redox ratio by laser photolysis as well.
3
. Laser Photolysis in Aqueous Solution
We used an excimer laser EXC-1 supplied by Quanta-Ray Co. as a UV photon source. This laser device was operated with Kr-F excimer gas and emitted pulsed radiation of 249 nm wavelength with approximately 7 ns duration. The maximum power of laser radiation was approximately 8 J,s-1 in squared cross section of 1 cm2 at 150 Hz. Pulse repetition rate was set to be 100 Hz in the experiments.
In the experiments, laser beam was expanded by a concave lens (focal length=50 cm, Laser Optics Inc.), and laser energy density was monitored at the sample position (approximately 50 cm far from the lens) by a volume absorbing disc calorimeter (Model 38~0103, Scientic Inc.) with an input aperture of 5.3 mm diameter.
The typical power density of laser was adjusted to approximately 1 J,cm-2,s-1 at the sample position. The solution was loaded and sealed in a fused-silica cell which was originally provided for spectrophotometric analysis (Model SQ-CA13252, Gasukuro Kogyo Inc.). The effective internal dimensions of the cell were 0.2 cm width X 2.0 cm height, and the length of light path was 1 cm (i.e. capacity was 0.4 cm3). The absorbed energy in the sample was calculated from the data measured by the calorimeter with making correction of cell absorption and reflection (transmission of the cell was 0.92). Absorption rate of laser energy into the sample solution of 0. Table 1 It can be also pointed out that reduction fraction, defined by reached the value (Roop) at the photochemically induced steady-state as increase of laser energy absorption. Photon absorbing rate of each chemical species is proportional to the product of molar The amount of absorbed photon (249 nm wavelength) of 1 X10-3 mol into the solution is equivalent to absorption energy of 0.48 kJ. Since MnO,-,-ion reacts readily with HNO2(17), the initially-added permanganate ion is expected completely destroyed by the initial portion of UV exposure in the experiments. Table 1 . We confirmed that 30~100 kJ,dm-3 absorption of laser energy was adequate to destroy MnO-4 ions in all our experiments. Therefore, it is concluded that the Np(VI) reduction by the UV radiation in the low Np concentrations (less than 1 x mol 'dm-3) should involve the reaction with nitrous acid, even in the chemical condition initially stabilized against nitrous acid by KMnO4. Experimental results shown in Fig. 1 and Table 1 indicate lower acidity and higher reaction temperature are preferred to obtain high reduction fraction.
We can discuss the acid effect based on the past study by Toth et al. (8) . They proposed that the overall reaction for the photochemicallyinduced reduction of Np(VI) in nitric acid solution was expressed by the following equation : ( 2 ) off. This further reduction was also reported by Toth(8) for the Np(VI) reduction experiment of millimolar concentration, and explained by the suspension of the photochemically-induced backward reaction in Eq. ( 2 ). This backward reaction is photo-sensitized and restrains Np (VI), in low concentration less than 1 x10-4 mol,dm-3, from being completely reduced. After the further reduction within 30 min, more than 90% of Np ions were reduced to pentavalent, and the final reduction fraction was little influenced by solution temperature.
Further studies involving the time-tracing measurement of some chemical species including nitrous acid and short-lived radicals will most likely lead to an increased understanding of the chemical mechanisms.
2. Laser Photo-oxidation of Np(IV) in Aqueous Nitric Acid Solution A few experimental results are shown in Fig. 4 , where oxidation fraction of Np(IV) is plotted as a function of absorbed light energy in the solution at three different temperatures. This figure indicates that oxidation to Np(V occurred, when aqueous nitric acid solution adjusted to NP(IV) by ferrous sulfamate was exposed to 249 nm laser radiation.
Because of the same discussions in the pre vious section, it is expected that the initially added ferrous sulfamate was completely de ( 4 ) Figure 4 shows, however, the fraction of Np(V) to total Np ion increases only up to 80%. When the laser turned off in the photochemically steady state, there was a further increase in the oxidation fraction up to more than 92% in 30 min. Np(VI) was never detected by an extraction chromatography for the both samples.
The similar photochemical behavior of Np (IV) was also reported by Toth et al.(8) in the N2H4-HNO3 system. In their experiments, Np (IV) solution of 1 x 10-2 mol,-dm-3 was photochemically oxidized by 254 nm radiation of a mercury lamp. They reported that incomplete oxidation was caused by the photo-shift of the disproportionation equilibrium described by the equation : ( 5 ) The reason of the absence of Np(VI) was explained by the rapid rate of Np(VI) reduction by the reducing reagent N2H4. Figure 4 shows that reaction temperature gives little effect on both the rate and the fraction of the laser-induced oxidation of Np (IV). The initial amount of ferrous sulfamate has only a little effect on the photo-shift but apparently delays initiation of photo-oxidation reaction of Np as is shown in Fig. 4 . In these experimental conditions, we may take account of catalytic reaction of Fe ion. In the dark reaction, Fe ion is working as a catalyst for nitric oxidation of Np(1V) above 10-5 mol,dm-3 Fe(III) (19)(20) . This catalytic mechanism involves Np(V) disproportionation which is a limiting step for high nitrous acid concentrations. Since nitrous acid concentration increase during laser irradiation because of photolysis of nitric acid, this mechanism can also induce the photo-shift.
It is clearly desirable to carry out further tests of photo-oxidation to investigate the chemical mechanism of photochemically induced Np(IV) oxidation, and rapid and high-sensitive method to determine valence state of Np is needed.
Saturation of the photochemical oxidation requires approximately 300~600 kJ,dm-3 in the case of Fig. 4 . The required exposure period with 0.84 kJ,dm-3-,s-1 laser absorption is within 12 min. These results suggest that photochemical oxidation of 80% Np(IV) against ferrous sulfamate is possible in aqueous phase before solvent extraction operation at low Np concentration region.
IV . CONCLUSIONS
The photochemical behavior of Np in aqueous nitric acid solution has been studied in both initially reducing and oxidizing conditions, and valence adjustability of Np aqueous ions at the low concentration (less than 1 x 10-4 mol,dm-3) has been experimentally examined. Although Np ions are stabilized to tetravalent or hexavalent states by the chemical reagents such as ferrous sulfamate and potassium permanganate, Kr-F laser irradiation to the aqueous nitric acid solutions induces Np redox reactions with nitrous acid, which is produced by the photo-decomposition of nitric acid. Photochemistry induces redox equilibrium shift from the thermochemical state and the overall redox rates of Np are reasonable from the standpoint of chemical engineering, and the dark reactions after irradiation of laser proceeds the redox reactions further.
It follows from our study that the oxidation state of Np ions can be partially converted to pentavalent by Kr-F excimer laser photolysis in aqueous nitric acid solution of less than 10-4 mol,dm-3 Np even in the initial presence of redox reagents such as potassium permanganate and ferrous sulfamate.
It is concluded that, in low Np concentration as is observed in the normal Purex process, lasser application to valence adjustment of Np gives another redox condition which is different from that determined thermochemically. -REFERENCES-
